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REMARKS 

The Office Action dated May 30, 2006 has been reviewed and the comments of the U.S. 
Patent and Trademark Office have been considered. The following remarks are respectfully 
submitted to place the application in condition for allowance. 

A detailed listing of all claims that are, or were, in the application, irrespective of 
whether the claim(s) remain under examination in the application, is presented, with an 
appropriate defined status identifier. Claims 1-33 were previously canceled. Claims 35-87 are 
presently canceled. Claim 34 has been amended. Support for the amendment may be found, for 
example, at least in the following sections of the original disclosure: page 7, lines 5-6; page 8, 
lines 21-22; page 1 1, line 28 - page 14 line 9; page 21, line 26 - page 22, line 21; and page 23, 
lines 9-15. New claims 88-132 have been added. Support for the new claims may be found, for 
example, in at least the following sections of the original disclosure: page 6, lines 20-22; page 7, 
lines 18-19 and 22-28; page 8 lines 6-7 and 18-20; page 12, lines 1-4; page 16, line 30; page 17, 
lines 19-22; page 18, line 13; page 19, lines 24-29; page 23, line 1 1, page 24, lines 23-24. 
Claims 34 and 88-132 are currently pending in this application. 

Information Disclosure Statement 

The Examiner states that the Information Disclosure Statement filed July 28, 2004 fails 
to comply with 37 CFR 1.98(a)(3) because the reference BP 0560156 did not include a concise 
explanation of the content of the information. Applicants hereby submit an English translation 
of the abstract of EP 0560156. 

The Examiner also states that the two lists submitted containing the references relating to 
the pending litigation of patent 6,573,099 have not been considered because they are not proper 
information disclosure statements. These lists were submitted by an adverse party during the 
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litigation of Hie previously mentioned patent Applicants are submitting these lists in order to 
completely comply with their ethical duly to disclose all information to the US Patent and 
Trademark Office. Applicants point out that the lists consist of die full and complete set of 
material made known to Applicants as submitted by the aforesaid adverse party in the litigation. 

Rejections Under 35 USC§112 

Claims 34-5 1 and 70-87 are rejected under 35 USC § 1 12, first paragraph as failing to 
comply with the written description requirement The Examiner states that the specification 
does not describe expression constructs comprising sequences with less than 100% identity with 
a target gene, nor does it describe a construct comprising structural gene sequences of any 
degree of identity that meet the size limitation of 20-30 nucleotides. 

Applicants respectfully traverse die rejection. However, to expedite prosecution of the 
present application, claims 35-51 and 70-87 have been canceled, thus making die rejection with 
respect to those claims moot Claim 34 has been amended to recite a sequence that is identical 
to "30 contiguous nucleotides" of the target gene. These limitations are described in the 
specification as filed as indicated above, specifically on page 8, lines 21-22. Withdrawal of the 
rejection is respectfully requested. 

Claims 40-42, 44-47, 76-78 and 80-83 are rejected under 35 USC §1 12, first paragraph 
as foiling to comply with the written description requirement. The Examiner states that the 
claims were presented in a preliminary amendment and are considered new matter because they 
are not fully supported in the original disclosure. The Examiner contends that the specification 
does not contemplate use of structural gene sequences with the exact lengths recited in the 
claims and that the specification is silent with regard to the relative lengths of the two copies a 
structural gene sequence. 
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Applicants respectfully disagree with the Examiner's rejection. However, in the interest 
of advancing prosecution of this case, claims 40-42, 4447, 76-78 and 80-83 have been canceled 
in the present application, thus making the rejection in respect to those claims moot. Applicants 
therefore respectfully request withdrawal of the rejection. In addition, amended claim 34 and 
new claims 88-131 recite a nucleotide sequence which is identical to a sequence of 30 
contiguous nucleotides. Support for this length is found in the specification as indicated above. 
Applicants respectfully request withdrawal of the rejection. 

Claims 34-51 and 70-87 are rejected under 35 USC §1 12, first paragraph. The Examiner 
states that while the specification is enabling for a method of reducing expression of a target 
gene in an animal cell in vitro % it is not enabling for a method of reducing expression of a target 
gene in an animal cell in vivo in any organism. The Examiner further contends that the 
specification does not provide any working examples of the use of the genetic constructs for the 
inhibition of gene expression in any animal cell in vivo or in vitro. 

Applicants respectfully disagree with the rejection. However, to further prosecution, 
Claims 35-51 and 70-87 have been cancelled, thus making the rejection with respect to those 
claims moot As acknowledged by the Examiner on page 6 of the Office Action dated May 30, 
2006, the claimed method is enabled for animal cells in vitro. Claim 34 has been amended to 
recite a method for producing an RNA molecule for reducing expression of a target gene in an 
isolated eukaryotic cell, consistent with the Examiner's acknowledgement. New claim 1 14 is 
directed towards a method for producing an RNA molecule for reducing expression of a target 
gene in plant cell. It is respectfully submitted that the skilled person, on being taught the 
structure of the synthetic genetic construct as described in the specification and as recited in the 
claims as amended, is readily able to make and use the construct in an isolated eukaryotic cell or 
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in a plant cell to produce the RNA molecule as claimed. Withdrawal of the rejection is 
respectfully requested 

Rejections Under 35 USC§103(a) 
Claims 34-5 1 and 70-87 are rejected under 35 USC §103(a) as being obvious over Fire et 
al, as evidenced by Zhang et al., and in view of Jendrisak et al, Noonberg et al and 
Floririewicz et al. The Examiner contends that Fire et aL teach a method of inhibiting gene 
expression in cells using double-stranded RNA comprising a sequence complementary to the 
target gene and a sequence identical to the target gene. Further, the Examiner states that the 
post-filing of Zhang et al. indicate that the Dicer ribonuclease would provide nucleotide 
sequences of the lengths claimed in the present invention. In the Examiner's view, Noonberg el 
al. t Jendrisak et al. and Florkiewicz et al provide complementary teachings regarding 
expression of nucleic acids. The Examiner then concludes that it would have been obvious to 
utilize die method of Fire et al to make die vectors as taught by Noonberg et al, Jendrisak et al 
and Florkiewicz, The motivation to combine the references, as argued by the Examiner, is 
provided because Fire et al. suggest double-stranded RNA may be produced by a vector, 
Noonberg et al teach that vectors may comprise a promoter, a sequence to be transcribed and a 
terminator, Jendrisak et al teach that using multiple promoters produce RNA more efficiently, 
and Florkiewicz teaches vectors to express proteins. Finally, the Examiner contends that one 
would have a reasonable expectation of success in combining the references because Fire et al 
teach that double-stranded RNA inhibits gene expression and the remainder of the references 
teach that production of RNA from vectors is routine in the art. 
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Applicants respectfully disagree that the present claims are obvious over the cited 
references. Claims 35-51 and 70-87 have been cancelled, thus making the rejection with respect 
to these claims moot. 

In levying an obviousness rejection under 35 U.S.C. §103, the Examiner has the burden 
of establishing that at the time of the invention, there was: (1) some suggestion or motivation to 
modify the reference or to combine reference teachings, (2) a reasonable expectation of success, 
and (3) that the prior art references, when combined, taught or suggested all the claim 
limitatioiis. See MPEP §2143 (Aug. 2001, Latest Revision August 2005); See also In re Royka, 
490F.2d981, 985(CC.P.A. 1974). Obviousness may not be established based upon hindsight 
or the teachings or suggestions of the inventor. W. L. Gore & Assocs., Inc. v. Garfock Inc., 721 
F.2d. 1540, 1551, 1553 (Fed. Cir. 1983); Ruiz v. A. B. Chance Co., 357 F.3d 1270, 1276 (Fed. 
Cir. 2004). Here, the Examiner has not met this burden. It is respectfully submitted that the 
obviousness rejection fails on each of the three grounds, as detailed below. 

Moreover, the Examiner appears to be using Zhang et al. to suggest that the product 
inherently would be that which is required by the claims. While Applicants are familiar with 
"inherent anticipation", Applicants are not aware of any case from the Federal Circuit or its 
predecessor courts that adopted the concept of "inherent obviousness", which the Examiner 
appears to be arguing. 

Claim 34 has been amended and new claim 1 14 added to recite a method for producing 
an RNA molecule cell as a transcript of a synthetic genetic construct having a particular 
configuration of elements. The method comprises introducing into the cell a genetic construct 
comprising two copies of a structural gene sequence, each of 30 nucleotides. The two copies are 
under the control of a single promoter and terminator sequence and are spatially separated by a 
stuffer fragment comprising a sequence of nucleotides. Fire et al. neither teach nor contemplate 
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the use of a stufier fragment to spatially separate two copies of the structural gene. Moreover, 
Fire et aL do not disclose the length limitation of 30 nucleotides, or the combination of the two 
copies each having 30 nucleotides, or the combination of all of these elements in the order as 
claimed 

The deficiencies of Fire et aL are not cored by the additional references. Jendrisak et al. 
teaches a vector for the in vitro production of RNA copies of either strand of a cloned DNA 
sequence, not production of double-stranded RNA in eukaryotic cells as presently claimed. 
Jendrisak et aL do not utilize or suggest a stuffer fragment, let alone a staffer fragment between 
two copies of the structural gene sequence, the two copies being operably linked and in opposite 
orientation with respect to a single promoter. The construct of Jendrisak et al,, in contrast to 
Applicants 7 presently claimed invention utiM2e two different opposed promoter sequences and 
only a single structural gene sequence. See Abstract; CoL 2, H. 25-27CoL 3, 11. 56-58. 
Noonberg et al. teach methods and constructs for the delivery of ribozyme oligonucleotides 
intnacellularly. The RNA polymerase IE-based constructs, termed "oligonucleotide generators", 
do not contain the stuffer fragments of Applicants* present invention, or two copies of the 
structural gene sequence, each of 30 nucleotides, even less the combination of elements as 
presently claimed. Florkiewicz contemplates protein expression vectors, not vectors for 
expression of double-stranded RNA- Florkiewicz neither contemplates nor teaches the stuffer 
fragment, the length limitation of the structural gene sequence, the multiple copies of the 
structural gene sequences or any combination of these elements, let alone the particular 
arrangement of elements of the presently claimed invention. Insofar as any of these secondary 
references is of any relevance (which is vigorously contested), they in fact teach away from the 
presently claimed subject matter. For example, Jendrisak et aL, teach the use of one sequence to 



3668363 



14 



PAGE 1 mv RCVD AT 1 1/30/2006 7:27:31 PM [Eastern Standard Time] ' SVR:USPT0-EFXRF«19 * DN1S:2738300 " CSID: " DURATION (mnhSS):09-30 



11/30/2006 Id: 31 FAI 



Application No. 10/821,726 



Attorney Docket No, 023004,0 104N4US 



be transcribed with two opposing promoters, leading the skilled person in the opposite direction 
to the presently claimed invention. 

The PTO defines one of ordinary skill in the art as one "who thinks along die lines of 
conventional wisdom in the art and is not one who undertakes to innovate, whether by patient, 
and often expensive, systemic research or by extraordinary insights, it makes no difference 
which." Ex parte Anderson, 21 U.S.P.Q.2d 1241, 1256 (BJPJVi 1991). For the reasons set 
forth above, an artisan thinking along the line of conventional wisdom would not have been 
motivated to modify the Fire et al. reference with Jendrisak et al, Noonberg et al and 
Florkiewicz et al. as the Examiner suggests, nor would an artisan of ordinary skill have a 
reasonable expectation of success. 

Thus, even if Fire et al was analogous art and combinable with Jendiisak et al, 
Noonberg et ah and Florkiewicz et al. (which Applicants dispute), the secondary references do 
not cure the Fire et al. deficiencies because the combination does not teach each and every 
element of Applicants' present invention, let alone the combination of elements. 

Applicants further point out that the dependent claims of the present application contain 
further limitations that are not disclosed nor suggested by the prior art 

Moreover, there is not teaching nor suggestion in the prior art that the presently claimed 
invention provides advantages in producing double-stranded RNA in a eukaryotic cell for 
reducing expression of a target gene. In particular, references such as Levin et al. , 2000 and 
Smith, et al 2000 (see attached) confirm the advantageous properties of the synthetic genetic 
constructs comprising the stuff er fragment 

Applicants respectfully request withdrawal of the rej ection. 
In view of the above amendment, applicant believes the pending application is in 
condition for allowance. 
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Applicants submit concurrently a request for extension of time under 37 CJF.R- 1.136 
and the accompanying fee. In the event that any additional extensions of time are necessary to 
prevent the abandonment of this patent application, then such extension of time are hereby 
petitioned. The U.S. Patent and Trademark Office is hereby authorized to charge any fees that 
may be required in conjunction with this submission to Deposit Account Number 50-2228, 
referencing matter number 023004.0104N4US. 



Dated: November 30, 2006 
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B y CsJJLiJL^ 
Kellie L. Garden 
Registration No.: 52,696 
PATTON BOGGS LLP 
8484 Westpark Drive, 9th Floor 
McLean, Virginia 22102 
Phone: 703-744-7919 
Attorney for Applicants 
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Abstract 

Controlled down-regulation of endogenous plant gene expression is a useful tool, but antisensc and sense silencing 
lack predictability. Recent studies show that expression of both antisensc and sense RNA together is an effective 
means of inactivating reporter and viral genes in plants. We created transgenic plants expressing antisense and 
sense RNA together in a single "double-stranded RNA' (dsRNA) transcript. This approach shows great promise 
as a highly effective means for reducing gene function. With this approach, we demonstrated that the Arabidopsis 
cystathionine £-lyase gene, which encodes a methionine biosynthene enzyme, is essentia] for viability. Inactiva- 
tion of mis gene was rescued by the addition of methionine to the growth medium. Compared to antisense and 
sense constructs, the dsRNA construct showed a much more consistent and complete suppression of gene activity. 
Additionally, expression of a transcript with a spaccT sequence containing an unrelated gene between antisensc and 
sense luciferase gene fragments led to stronger inactivation of a second lucif erase transgene than did constructs 
with a minimal spacing between sense and antisense fragments. However, the gene in the spacer region was neither 
functionally expressed nor functional in silencing a second, unlinked homologous transgene. 

Abbreviations: dsRNA, double-stranded RNA; PTGS, post-transcriptional gene silencing; TGS, transcriptional 
gene silencing: GUS, /3-gmcuronidasc (GUS); CGS, cystathionine y-synthase; CBL, cystamioninc 0-lyase; 
ACT2> ACTIN2; RLU, relative light unit; ssRNA, single-stranded RNA; AVG, L-aminoethoxyvinylglycine; PAG, 
propargylglycine 



Introduction 

To answer basic questions relating to gene function 
and for the beneficial manipulation of metabolism or 
other cellular processes in transgenic plants, it is im- 
portant to have a reproducible and effective method 
of down-regulation of endogenous plant genes. Com- 
monly available methods, such as antisense, sense co- 
suppression (reviewed in Bruening, 1 998), ribozyrnes 
(Merlo et a!., 1998), or chimeric oligonucleotides 
(Zhu et aA, 1999) do not yet yield consistent and 
predictable results or are technically challenging. Re- 
cently it has been shown mat the simultaneous ex- 



pression of both antisense and sense gene fragments 
provides a more reliable method of inactivation of vi- 
ral and reporter genes (Water house et aL, 1998). In 
this paper, we seek to extend these results to an en- 
dogenous plant gene and to explore the mechanism of 
gene silencing. 

Homology-dependent gene silencing in plants has 
been observed by many researchers, yet this phenom- 
enon remains incompletely understood (reviewed in 
Vaucheret et al. % 1998; Grant, 1999; Kooter et a!. t 
1999; Waterhouse et a/., 1999). Silencing can be trig- 
gered by the introduction of a transgene and can lead 
to loss of expression of both the transgene and the 
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homologous endogenous genes. Post-rranscriptional 
gene silencing (PTGS) has been distinguished from 
transcriptional gene silencing (TGS) by the observa- 
tion of continued transcription in the former. Although 
the mechanism of PTGS remains uncertain, it has been 
suggested mat small antisensc RNAs may be formed 
by RNA-dependentRNA polymerases (Schiebel etal $ 
1 998; Cogoni and Macino, 1999) and that such RNAs 
could constitute the specificity determinant of PTGS 
(Hamilton and Baulcombe, 1999). Changes in the 
methylation state of both TGS and PTGS silenced 
genes have also been observed, but their significance 
remains to be determined (Wassenegger and Pelissier, 
1998; Kooter et a/., 1999). While PTGS can be an 
unintended result in the creation of transgenic plants 
over-expressing a gene of interest or a useful tool 
for the determination of gene function, it may ben- 
efit plants by providing protection from viruses and 
deleterious transposition events. 

How is silencing induced? It has been shown that 
constructs designed to express either sense or anti- 
sense RNA for a gene of interest can lead to gene si- 
lencing (reviewed in Bruening, 1 998). Recent research 
in plants, animals, and fungi suggests that combining 
sense and antisense RNA to produce double-stranded 
RNA (dsRNA) is more effective in gene silencing. 
This advance was first reported for Caenorhabdi- 
ris elegans, in which injecting or feeding exogenous 
dsRNA leads to PTGS of homologous sequences (Fire 
et a/., 1998). Tobacco containing one transgenic con- 
struct designed to produce antisense transcripts for 
the viral PVY PRO gene and a second construct to 
produce sense transcripts showed greater resistance to 
PVY infection than tobacco containing only one of 
the two constructs (Waterhouse et a/., 1 998). In addi- 
tion, a construct expressing both sense and antisense 
^-glucuronidase (GUS) sequences in a Single RNA 
transcript showed better silencing of a second GUS 
transgene in rice than either sense or antisense alone 
(Waterhouse et at. , 1 998). Finally, a construct express- 
ing an inverted repeat of the 5-TJTR of the tomato 
ACOI gene together with the rest of the ACOI cDNA 
in a sense orientation showed improved silencing com- 
pared to a simple sense ACOI construct (Hamilton 
et ai, 1998). These data suggest that antisense and 
sense PTGS may share a common mechanism and 
mat they both lead to the production of dsRNA, per- 
haps through the generation of undetected levels of 
the complementary RNA. Alternatively, they may not 
share a common mechanism, but combining the two 
can lead to a synergistic increase in PTGS. 



With these developments in the field of gene si- 
lencing, we sought to apply mem to examine the 
effect of the inactivation of a gene in the methionine 
biosynthetic pathway. This pathway is of interest as 
methionine is a precursor not only for protein syn- 
thesis, but also for the production of polyamines, 
the hormone ethylene, and S-adenosylmetfaionine, a 
compound important for transmethylation reactions 
(reviewed in Ravanel err aL* 1998). From an applied 
science point of view, a better understanding of this 
pathway, which is round in plants but not animals, 
might lead to the development of plants with im- 
proved nutritional properties or novel herbicides. The 
first committed step of this pathway is carried out by 
cystathionine /-synthase (CGS; EC 4.2.99.9), which 
catalyzes the conversion of 0-pliosphohomoscrineand 
cysteine to cystathionine. The second step is car- 
ried out by cystathionine 0-lyase (CBL; EC 4.4.1.8), 
which catalyzes the conversion of cystathionine to ho- 
mocysteine, pyruvate, and ammonia. The final step 
is carried out by cobalarnin- independent methionine 
synthase (EC 2.1.1.14), which catalyzes the transfer 
of a methyl group to homocysteine from N5-methyl- 
tetrahydrofolate. Arabidopsis homozygous for an anti- 
sense CGS transgene exhibited yellowing and seedling 
lethality and COS activity was reduced below about 
20% of wild-type levels (Ravanel et al, 1998). The 
sequence of the Arabidopsis CBL gene has been deter- 
mined (Ravanel et a/., 1995; Bork and Hell, 1997) and 
we undertook experiments by a 'dsRNA' approach to 
determine the phenotype of plants with decreased lev- 
els of CBL. In this paper, we use the term 'dsRMV for 
constructs expressing both antisense and sense RNA, 
with the caveat that there is no direct observation of 
the formation of dsRNA in vivo. Using a dsRNA ap- 
proach, we show that CBL is an essential gene. A 
comparable approach using only antisense or sense 
constructs does not provide a great enough reduction 
in CBL function to reach this conclusion. 

Tn this paper, we significantly extend findings in 
the use of dsfeNA constructs to induce PTGS in three 
ways. First, we demonstrate that an essential en- 
dogenous plant gene can be silenced with a dsRNA 
transgene. Second, we show that there is no detectable 
silencing caused by a gene placed in the loop region 
between the sense and antisense stem of a second 
gene. Third, we provide data showing the compara- 
tive extent of silencing at the RNA and protein activity 
levels. 
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Materials and methods 

Molecular biology 

Total RNA was isolated with the RNeasy Plant Mint 
kit (Qiagen, Valencia, CA) Of as per Lagrimini (1987) 
for CBL experiments and as per Verwoerd (1989) for 
luciferase experiments. RNA gel blots were prepared 
and hybridized as described (Guyer et at., 1998). A 
DNA product corresponding to a 3' portion of the 
CBL cDNA that was not included in the transgenic 
constructs was prepared by PC*, with primers CBL9 
(5^ATGCAAGCATACCTGCAGAA-30 and CBL10 
(5'-AAGCTGAGACAAGAACAAACCA-3 r ) and the 
pFL6*1 Arabidopsis cDNA library (Minet et a/., 1992) 
as a template. For RNA gel blots, a * 2 P-labeled CBL 
probe was prepared by PCR using the same primers 
and this PCR product For RNA gel blots, a 32 P- 
labeted ACTIN2 (ACT2) probe was prepared using 
the Random Primers DNA Labeling System (Life 
Technologies, Gaithersburg, MD) with a gel-purified 
fragment from EST 16SH2T7 (GenBank. R65270) 
(Newman e/o/., 1994). 

Plasmid construction 

In each CBL construct, the CBL gene fragment 
used corresponds to nucleotide? 13 to 1159 of the 
cDNA (GenBank L4051 1; Ravanel et al, 1995; Fig- 
ure I). In the CBL cDNA, the ATG start codon is 
located at 117-1 19 and the stop codon is located at 
1509-1511. For the CBL aotisense construct, plas- 
mid pJG304/aCBL was made by digesting pJG304 
AXhoI (Guyer et a/., 1998) with Ncol and Sacl to 
excise the GUS gene. The GUS gene was replaced 
with a Ncol- and Sad-digested CBL PCR prod- 
uct, which was generated using primers DG354 (5- 
GATCGAGCTCCACGAGAACTGTCTCCG-3') and 
DG357 (5'-TCAGCCATGGGAAGACAAGTACATT 
GC-3') and the pFL61 cDNA horary. pJC304/aCBL 
was cut with Xhof to excise the cassette contain- 
ing the GAL4 DNA-binding site/35S minimal pro- 
moter/antisensc CBUCaMV terminator fusion. This 
cassette was Hgated into Afeol-digcsted pJG26l binary 
vector (Guyer et al. t 1998), producing pJG26l/aCBL. 
For the CBL sense construct, pJG304/sCBL was made 
by digesting both pJG304AXhoI and a CBL PCR 
product with Ncol and Sacl and ligaring them together 
This product was generated with primers CBL1 (5'- 
CTTGCCATGGCACGAGAACTGTCTCCG-3') and 
CBL2 (5'-CATGGAGCTCGAAGACAAGTACATTG 
CA^3') and the P FL61 cDNA library. pJG304/sCBL 



was cut with Xhol and ligated to ^Tiol-digested 
pJG261, producing pJG261/sCBL. For the dsRNA 
CBL construct, pJG304/d$CBL was made by digest- 
ing both pJG304/aCBL and a CBL PCR product with 
Sacl. This product, which was generated with CBL2 
and CBL3 (5'-C^TCGAGCTCCTCTGTTTAAACCA 
CGAGAACTGTCTCCGTCGC-30 and the pFL61 
cDNA library, was inserted ra the sense orienta- 
tion downstream of the antisense CBL sequence. Es- 
cherichia coli SURE2 (Stratagene, La Jolla, CA) 
was used as the bacterial host to stabilize this con- 
struct pJG26 1/dsCBL was made from pJG304/dsCBL 
cut with Xbal and ligaied to Sp<?I-digested pJ0261, 
producing pJG261/dsCBL. £. coli XL1-BLUE MRF 
(Stratagene) was used as the bacterial host to partially 
Stabilize the construct Unrearranged DNA for this 
construct was Isolated by agarose gel purification. 

Two binary constructs, pAdF2 and pAdF4, which 
were designed to produce a dsRNA transcript, were 
prepared by cloning both the sense and antisense 
orientations of a 3 ; portion of die luciferase gene 
(Figure 1). A 670 bp 4 sense* -oriented fragment of 
the firefly luciferase gene was prepared by PCR 
with TurboPfu (Stratagene), primers ds-Lucl (5'- 
CGCGGATCCAAGaTTCAAAGTGCGCTGCTG-3 7 ; 
BamHl site underlined) and ds-Luc2 f5'-CCG AAGCT 
TGGCGACGTAATCCACGATCTC-3'; HindlU site 
underlined), and plasmid pGL3 (Promega, GenBank 
U47295) as a template. A 669 bp 'antisense'-oriented 
fragment of the luciferase gene was prepared by PCR 
with primers ds-Luc3 (5'-CG GTCTAGAA AGATTCA 
AAGTGCGCTGCTG-3'; Xbal she underlined) and 
ds-Luc2 and pGL3 as a template. The resulting 'sense* 
and 'antisense* DNA fragments were digested with 
BamHl and HindlU or Xbal and HindlU, respec- 
tively. Construct pAdF3 was created by a three- 
way ligation with these two fragments and BamYtl- 
and Xbol-4igested pLITMUS 28 (New England Bi- 
olabs). A 563 bp DNA fragment containing the 
bar gene open reading frame (D'Halram et al,, 
1992) was prepared by PCR with primers bar-1 (5'- 
GCG AAGCTTG ATCC ATGAG CCCAGAACGA-3'; 
/Jwdlll site underlined) andbar-2 (5'^CCAAGCTTC 
CTAGAACGCGTGATCTC-3'; HindM site under- 
lined), and plasmid pCSAl04 (D. Patton, personal 
communication) as a template. pAdFl was generated 
by cloning the /fircdni-digested bar PCR product into 
the unique ffwdm site of pAdF3. In pAdF), the bar 
gene open reading frame is in the same orientation 
as that of the 'sense' luciferase fragment. pAdF4 was 
created by a three-way ligation with the BamW^Sacl 
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fragment from pArJF3, which consisxs of both sense 
and antisense lucifemse fragments, a 1.2 kb BamHl- 
$pel DNA fragment containing the Arabidopsis A CT2 
promoter (An et al. 9 1996), and binary plasmid pS- 
GCHCl digested with $pe\ and Sad. pSGCHC), 
which is a derivative of pGPTV-HPT wjth the GUS 
gene replaced by the polylinlcer from pBluescript KS+ 
(Becker et at., 1992), carries a kanamycin resistance 
gene for bacterial selection and a hygramycin rests* 
tance gene for transgenic plant selection (S. Goff, per- 
sonal communication). pAdF2 was constructed with a 
cloning Strategy similar to that used fbr pAdF4, except 
that a fragment from plasmid pAdFl, which contains 
the bar gene io between the sense and antisense lu- 
ciferase gene fragments, was used in place of the 
pAdF3 fragment. 

CBL transgenic plants 

The three described pJG261/CBL constructs were 
electro-transformed (BioRad, Hercules, CA) into 
Agrobacterlum twnefaciens recA" strain (Lazo et al. % 
1991), and Arabidopsis Col-0 plants were transformed 
by infiltration (Bechtold et al 9 1993). Prior to trans- 
formation of Arabidopsis, plasmids were checked 
by restriction digest and PCR for the presence of 



DNA that had not rearranged. For pJG261/aCBL 
and pJG261/sCBL, all DNA appeared intact; for 
pJG261/dsCBL, ca. 35% of the DNA appeared intact 
(data not shown). ForpJG261/aCBL, an additional ex- 
periment was done with the Agrobacterium GV3101 
(pMP90) strain (Konca and Schell, 1986). Seeds from 
the infiltrated plants were Selected on germination 
medium containing 15 fig/ra] Basra (Guyer et at., 
1998). 

Transgenic plants containing a GAL4- binding 
site/minimal CaMV 35S promoter/CBL construct 
were transplanted to soil and grown to maturity 
in the greenhouse. The presence of a transgenic 
CBL fragment in each line was confirmed by PCR. 
For the antisense construct) primers AS VI (5'- 
TTTGGAGAGGACAGACCTGC-30 and CBL3 were 
used to verify the presence of a ca, 1 200 bp prod- 
uct. For the sense construct, primers ASV2 (5'- 
GCATTTTGGTTTTAGGAATTAGAA-3') and CBL3 
were used to verify the presence of a ca. 1 200 bp prod- 
uct. For the dsRNA construct, primer pairs of ASV2 
with CBL3 and of ASV1 with CBL3 were used to ver- 
ify the presence of a ca. 1200 bp product with each 
pair. Each of the primary transgenic CBL transfor- 
mants was pollinated by the homozygous GAL4/C1 
transactivator line pAT53-103 (Guyer et al t 1998). 
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About 25 Fj seeds per line were plated on MS + 2% 
sucrose medium (4.3 mg/ml Murashige-Skoog salts, 
0.5 mg/ml MES, 20 mg/ml sucrose) and grown in a 
growth room at 20 to 22 °C with a day length of 
13 h. For sense lines 2-20 and 2-23, the five health- 
iest Chased on size and colOf) affected seedlings were 
transplanted to soil. For dsRNA lines 3-15, 3-18, and 
3-21, the six healthiest affected seedlings were Hans- 
planted to soiL For otheT lines with only wild-type Fj 
phenorypes, eight seedlings were transplanted to soil. 
F| plants were then grown in the greenhouse at 18 
to 23 °C with a day length of 14.5 h- The presence 
of the CBL transgene in Fi plants with a wild-type 
phenorype was assessed by PCR- 

For methionine rescue experiments, 12 Fi seeds 
from lines 3-15, 3-18, and Col-0 were plated on MS 
+ 2% sucrose supplemented with 0, 150, or 250 
L-methionine. After 13 days in the growth room, six 
Col-0 and twelve 3-15 ¥\ plants were transplanted 
from 250 pH methionine plates to soil and placed in 
the greenhouse. 

Luciferasc transgenic plants 

Plasmids pAdF2 and pAdF4 were introduced into 
Agrobacterium tumefacieru? strains GV3101 and 
AGL1 , and both Arabidopsis Col-0 and transgenic line 
pPH 1 0$ plants were transformed by infiltration (Bech- 
totd et al, 1993), This kanamycin-resistant pPHiOS 
transgenic line expresses very high levels of luciferasc 
due to die presence of the firefly luciferase reporter 
gene (from pOL3; Promega) under the control of 
the Arabidopsis USQ3 promoter (Norris et al., 1993) 
followed by a fusion of the UBQ3 and CaMV 35S 
5 / -UTRs (P.B. Heifctz, unpublished observations). 
This line was hemizygous for the pPH108 hiciferasc- 
exprcssing transgene. No plasmid DNA rearrange- 
ments were detected by restriction digest analysis in 
any of the Agrobacterium strains used for the plant 
transformations. Ti seeds from the infiltrated plants 
were germinated on medium containing 25 pg/m\ hy- 
gromycin B alone or in combination with 50 jxg/ml 
Icanamycin monosulfate for selection of transgenic 
Col-0 or for supenransformed pPH108, respectively. 
These seedlings were transferred to soil and grown in 
phytotron-controlled conditions. 

TbqMan assays 

For CBL, primers CBL7 (5'-AGCATCTCGTAG AAAC 
CACCAAA-3') and CBL8 (5M3CATGGCATCCTTAT 
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CAGTGA-3') were used with a CBL probe (FAM (6- 
carboxyfluorescera) 5'AACACTCCCAAAACTGA- 
CAGCTATGCTGAAGT-3' TAMRA (6-carboxy-N.N, 
^N^teu™emylihodaminc))in one-step RT-PCR ac- 
cording to the instructions provided with the TaqMan 
Gold RT-PCR kit and the ABI7700 (Perkm-Elmer Ap- 
plied Biosystems, Foster City, CA). For rRNA quanti- 
tation, the TaqMan Ribosomal UNA Control Reagent 
kit (P/N 4304483, Perkm-Elmer) was used according 
to the instructions provided, except that 600 nM of 
each primeT and 100 nM of probe were used. Data 
analysis was done with Sequence Detector software 
(version 1.6.3, Perkm-Elmer Applied Biosystems) set- 
ting the basel i ne manually for each experiment and the 
threshold to 0.125 for CBL and 0.05 for rRNA. Ara- 
bidopsis KNA templates were treated with DNasc I, 
RNase-free (Boehringer Mannheim, Indianapolis, IN). 

CBL enzyme assays 

Tissue for Fi plants was frozen at -80 *C. For 
seedlings from soil, protein was extracted by grind- 
ing with a mortar and pestle in liquid nitrogen. For 
seedlings from plates, protein was extracted by grind- 
ing with a Caframo stirrer unit (RZR1, Heidolph, 
Rclhcim, Germany), a blue polypropylene pellet pes- 
tle, and glass beads (Sigma, G9139) in microfuge 
rubes cooled in liquid nitrogen. Ground tissue was 
resuspended in 10 mM Tris pH 8.5, 10 pM pyri- 
doxal 5-phosphate (PLP), spun for 10 min at 3800 x g 
to pellet debris. The supernatant was spun through 
a 0.45 Mm filter (Millipore UFC30HVOO), and con- 
centrated with a 10000 Da cutoff filter (Millipore, 
Microcon YM-10). The total concentration of protein 
in each sample was determined using a dye-binding 
method (BioRad Protein Assay) with bovine scrum al- 
bumin as a standard. CBL activity was measured using 
a modified version of the method of Stijntjes et al 
(1992). Extracted protein (6-8 pg in 5 pi) was com- 
bined with 1 pi of 30 mM L(+)cystath1onine (Sigma) 
in 10 mM Tris pH 8.5, 10 pM PLP. Assays were per- 
formed in replicates of three to five in 1536 well plates 
(Greiner, black clear bottom). For each assay, control 
reactions with extracted protein but without substrate 
and with substrate but without extracted protein were 
done in parallel and the level of pyruvate detected 
was subtracted to compensate for endogenous pyru- 
vate in the extracts and spontaneous decomposition of 
the substrate, respectively. Extracts from Col-0 plants 
were rested at multiple dilutions to create a standard 
curve. Plates were sealed (Bcckman Biomek Seal and 
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Sample) and incubated for 3 h at 37 °C. The reac- 
tion was stopped with 3 fi\ 20 raM 4,5-dimexhyl-^- 
phenylcncdiamine in 0.6 M HO and derivatization of 
pyruvate by 4,5-dimcthy I-o^henylenediamine to form 
a quinoxalinol was allowed to proceed for 1 h at 37 °C. 
Fluorescence intensity was measured in a Tec an Spec- 
traFluor with an excimtion wavelength of 430 ± 10 nm 
and an emission wavelength of 535 =k 10 nm. 

Luciferase assays 

Leaf punches of uniform size from seedlings 3-4 
weeks old or whole 2-week old seedlings, as indicated 
in the text, were ground in 0. 1 M potassium phosphate, 
1 mM DTT, pH 7.8 buffer and 20 *tl of a 1 :50 dilu- 
tion of the extract were used to quantify the luciferase 
activity using the Pro meg a Luciferase Assay Reagent 
(catalog number El 50 J). Relative light units (RLUs) 
were recorded with a Monolight 2010 luminometer 
(Becton Dickinson Microbiology System). 

Photography and image processing 

Plants were photographed with a DEI-750 video cam- 
era (Optronics Engineering, Goleta, CA) and images 
were captured with Scion Image (Scion Corporation, 
Frederick, MD) software. Images were adjusted for 
brightness, contrast, and color and assembled for fig- 
ures with Adobe Photoshop (version 4.0) (San Jose, 
CA). 



Results 

Transgenic Arabidopsis with cystathionine p-fyase 
constructs 

To directly compare the effect of inactivarion of a 
gene by transgenic constructs with antisense, sense, 
or dsRNA, we placed a CBL gene fragment into a 
GAL4/CJ latent transactivation system (Guycr et aL, 
1998) in each of these orientations. This system allows 
the generation of transgenic plants with the expression 
of a given sequence under the control of the G AL4 up- 
stream activating sequence. In primary transform ants, 
transcription of the given sequence should not occur 
and the plants will have a wild-type phenotype. Tn the 
case in which these plants are hemizygous for a sin- 
gle T-DNA insertion locus, these plants crossed with 
the GAL4/C1 effector line will produce F] progeny 
in which one half of the plants will express the given 
sequence. The other half of die Fi progeny will have 



Table I. F\ phcnoiypes for CBL constructs. 



Construct 


AffoctedAoiol 


Phenotype 


AjitisenfiG 


0/23° 


none 




2/13 


weak 


dsRNA 


10/11 


weak to strong 



Aflected/totaJ: number of Hues affected divided 
by number of lines tested Pbenotypes are de- 
scribed in Results. 

a Dam gencratod with two different Agrvbacicriuni 
strains (6 with AG LI and 17 with OV3301). 



a wild-type phenocype because they do not inherit 
the transgenic construct with the upstream activating 
sequence controlling transgene expression. This strat- 
egy allows the identification of plants with potentially 
lethal phenorypes due to the in activation of an es- 
sential gene. In the experiments described here, F] 
progeny were examined for altered phenorypes due to 
the changes in CBL gene expression. 

Using the GAL4/C1 latent transactivation system, 
we compared the effects of inhibiting CBL expression 
with three constructs, shown in Figure 1, containing 
the same CBL gene fragment. In the dsRN A construct, 
CBL in the antisense orientation is proximal to the 
promoter followed by an 18 bp spacer and CBL in 
the sense orientation, litis construct configuration was 
chosen to minimize any effects of expressing a portion 
of the CBL open reading frame; with nine stop codons 
and about 1200 bp before the CBL gene fragment in 
the sense orientation, translation of this message is 
likely to be highly reduced. In addition, the sense con- 
struct, which also contains the CBL Start codon, serves 
as a control for the translation of this portion of CBL. 
The primary xransformant plants generated from these 
three constructs were checVed by PCR for the pres- 
ence of a CBL gene fragment in the correct orientation 
(data not shown). The Fi progeny from crosses of the 
primary transforrnants and the GAL4/C1 effector line 
were examined for altered phenorypes on MS + 2% 
sucrose plates. For the antisense construct, Table 1 
shows that all of the Ft progeny examined from 23 
primary transforrnants (lines) had a wild-type pheno- 
type. For the sense construct, F] progeny from two 
of 13 hues (lines 2-20 and 2-23) showed an abnor- 
mal phenotype (Table 1). On day 7 after placement 
in the growth room, 1 1 of 25 progeny from a single 
line (line 2-20) showed an abnormal phenotype. This 
phenotype consisted of decreased size, bleached and 
yellowed cotyledons, and increased purple coloration 
on margins of the cotyledons. On day 9, affected plants 
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Figure 2. Phcnoiypcs of F| progeny with decreased CBL expression. A. dsRNA line 3* 12 on day 9. Two affected seedlings (arrows) are shown 
next to two norma! siblings. B. dsRNA line 3-15 on day 9. Two seedlings are shown with a Strong phenotype (arrows) and two with a weak 
phenotype (arrowheads). C- dsRNA line 3-13 on day 14. A seedling with strong, lethal phenorype (arrow) is shown next to a normal sibling. D. 
Sense line 2-20 on day K A seedling with weak phenotype (arrow) is shown next to a normal Sibling. Photos m at the same magnification. 




fjgur* J, PHcnoiypes of progeny tnuwplanied go soil. A. Annsciuo 1-4 plauL B. Sense 2-10 plnnl. C- Sens* 2-20 plant- D. Scaac 2-23 plam. 
E. cUHNa 3-15 plant. F. dsRNA 3-18 plant G. dsRNA 3-21 plant. R Col-0 control. All plam* were grown for 15 days on plates and 17 days 
in soil under identical conditions. Plants in A, B, and H appear normal. 
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had no visible true leaves, while me wild-type plants 
had two true leaves. In addition, the length of the roots 
was reduced slightly. On day 14, Figure 2D shows 
the affected plants had only four or five small, pale 
true leaves compared to normal plants with five or six 
green true leaves. In addition, root growth along the 
bottom of the plate was reduced by about half in com- 
parison with wild-type plants. Of the 27 Fi progeny 
from sense line 2-23, 14 displayed a weaker, though 
similar, phenotype to mat of progeny from line 2- 
20. On day 14, the affected 2-23 plants were smaller 
and slightly paler than wild type. Figure 3 shows the 
phenotypes of sense F] progeny 2-20C and 2-23C, 
which remained smaller than wild type, 17 days after 
transplantation to soil. 

By contrast with the wild-type phenotype of the 
antisensc lines and the weak, non-lethal phenotype of 
the sense lines, the dsRNA lines displayed abnormal 
phenotypes ranging from the weak phenotype of the 
sense lines to a strong lethal phenotype (Figure 2). 
For the dsRNA construct, Fi progeny from 10 of 
11 lines showed an abnormal phenotype (Table 1). 
On day 6, plants showed symptoms similar to those 
of line 2-20. On day 9, plants with a strong pheno- 
type had decreased size, unexpanded pale cotyledons 
with increased purple coloration along their margins, 
no true leaves, and slightly decreased root growth 
(Figure 2A). Plants with weaker phenotypes showed 
small true leaves (figure 2B). On day 1 1, the sick- 
est progeny from line 3-15 showed bleached or brown 
small cotyledons and no true leaves. By day 14, it 
was clear mat the seedlings with a strong phenotype 
were not viable as they had cotyledons with white 
and purple coloration and lacked true leaves (Fig- 
ure 2Q- As a control, four siblings of the dsKNA 
primary transform ants without the dsRNA CBL trans- 
gene, as determined by PGR (data not shown) were 
also crossed to the GAL4/C1 effector line. All of the 
V{ progeny from these crosses exhibited wild-type 
phenotypes (data not shown): Finally, the small, pale 
phenotype of some of the weaker Fj progeny observed 
on plates remained similar after transplantation to soil 
(Figure 3). 

Rescue of lethality by methionine 

The abnormal phenotype observed in the CBL dsRNA 
lines was shown to be due to impaired methionine 
biosynthesis by the observation of essential ry normal 
growth on methionine-comaining media. We grew the 
F] progeny of the dsRNA CBL lines 3-15 end 3-18 



Figure 4„ Rescue of CBL djRNA phenotype by metbiuniiie. A And 
B. Fj progeny of dsRNA Unc 3-1 B. C and D. Fi progeny of diRNA 
Jinc 3-15. £ and F. CoW> seedlings. A, C, and E a how seedlings 
grown without methionine. B, D, and F show seedlings grown 
with 150 pM methionine. Photos are at the same magnification. 
Seedlings are shown after 10 days Of growth. 



on media supplemented with 150 or 250 /xM 
L-tnethionine. All 12 seedlings on each methionine 
plate exhibited essentially normal growth in compar- 
ison with seedlings from the same lines grown side 
by side without methionine. Figure 4 shows repre- 
sentative plants from this experiment. All plants sup- 
plemented with methionine, including Col-0, showed 
a slightly slower rate of growth and decreased root 
length (data Dot shown). To verify mat some of the 
dsRNA seedlings with a wild-type phenotype con- 
tained the CBL transgenic, we transplanted all the 
seedlings from line 3-15 from plates with methionine 
to soil. After seven days, 10 of 12 of the seedlings 
developed a CBL dsRNA phenotype, i.e. yellow and 
brown leaves, decreased leaf growth, and smaller size, 
while transplanted Col-0 seedlings appeared normal 
(data not shown). 

Quantitation of reduction of CBL mRNA and enzyme 
activity 

We used RNA gel blots and TaqMan assays (Gib- 
son et aL, 1996) to quantitate the levels of endoge- 
nous CBL mRNA in Fi progeny containing the three 
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CBL constructs. The TaqMan assay is a 'real-time* 
quantitative RT-PCR method measuring PCR product 
accumulation with a dual-labeled fluorogenic probe. 
To quantitate the endogenous levels of CBL mRNA, 
wc used probes that detected a portion of the 3' end 
of the cDNA that was not included in the transgenic 
constructs. In addition, we used a modified fluores- 
cence assay (Stijntjes et a/., 1992) in a microliter 
plate format to quantitate the levels of endogenous 
CBL activity in the extracts of Fi progeny contain- 
ing the three CBL constructs. The assay measured 
the amount of pyruvate formed after the /3-cleavage 
of Cystathionine by CBL. Based on the previous char- 
acterization of rccombinanUy produced Arabidopsis 
CBL (Ravancl et ai f 1996). we chose a substrate con- 
centration (5 mM) that was significantly above the 
K m (0.22 mM). In addition, wc chose an incubation 
time for which the rate of product formation was lin- 
ear with time for protein extracts prepared from Col-0 
seedlings (data not shown); Thus, for wild-type and 
transgenic plants, the amount of activity measured un- 
der these conditions should have been proportional to 
the amount of active CBL. 

Initially, we used RNA and protein isolated from 
Fi plants grown on plates for about two weeks. We 
did not include plants with a wild-type phenotype in 
this analysis because there was not sufficient tissue for 
analysis of single plants at this stage and we wanted 
to avoid pooling plants with and without a CBL trans- 
gene. In addition, we also analyzed plants transplanted 
to soil, so that (1) wc could directly compare plants 
with a wild-type phenotype to those with an abnormal 
phenotype and (2) we could check plants at a later 
stage of vegetative growth. 

We observed reduced levels of CBL mRNA and 
activity in sense and dsRNA young seedlings com- 
pared with wild-type plants. Table 2 shows that the 
CBL mRNA levels were reduced to as low as 13% 
of wild-type levels in seedlings on plates. Using the 
fluorescence-based enzymatic CBL assay, wc were 
able to reproducibty and accurately detect as little 
as 10% of wild-type activity (data not shown). We 
demonstrate that despite only 10% of wild-type CBL 
activity, F| plants from line 2-23 were viable with on ly 
a very weak phenotype. Lower levels of activity ap- 
peared to be deleterious to viability as lines 3-14, 3-1 5, 
and 3-22 all showed moderate to strong phenorypes 
and had activity levels below the detection limit of 
the enzymatic assay. In general, we saw a correlation 
between CBL mRNA and activity levels. Moreover, 
there was a correlation with phenotype and reduction 



Table 2. Quantitation of CBL mRNA and enzyme levels in F t 
progeny cm plaxes. 



Une- 


Phenotype 


mRNA fTaqMan) b , 


Activity, 






%ofC0l-0e 


%ofCoW) c 


2*20 


weak 


26 


16 


2-23 


very weak 


20 


10 


3-14 


strong 


15 


<10 


3-15 


moderate 


13 


<10 


3-20 


Strang 


16 


ND 


3-21 


moderate 


18 


ND 


3-22 


moderate 


23 


-elO 



Sense numbers begin with 2 and daRNA line number* begin 
with 3. Pbcnotype; 'very weak', *woak', end 'strong* ore de- 
scribed in Results; "moderate' Unaj had a range from 'week* 
to 'strong*. a RNA was isolated from affected T\ progeny, wilh 
the hcnltticsl 5 or 6 seedlings for each line not Included, after 
15 days m a growth room. In a separate experiment, protein wns 
Isolated from all affected seedlings for each line, after 13 days 
in b growth room. 

b mRNA TaqMan vales were normalized with rftNA levels. 
CflL and rRMA levels were each measured in two independent 
experiments. In each CBL experiment, values were measured 
tor 3 replicates at 3 RNA concentrations (9 replicates per ex- 
periment). In each rRNA experiment, values were measured 
for 3 replicates at 2 RNA concentrations (6 replicates per ex- 
periment}. 

C CBL mRNA and activity levels are reported as a percentage of 
that for Col-0 plants grown at the some time. 
ND, i 



in CBL mRNA and activity levels - generally, dsRNA 
lines had a greater reduction than sense lines in bom 
CBL mRNA and activity levels (Table 2). The re- 
ported CBL mRNA and activity levels are averages of 
RNA and protein, respectively, isolated from several 
seedlings. In addition, the healthier seedlings were 
larger and contributed proportionately more mRNA 
and protein. As a result, the healthier seedlings, which 
have higher levels of CBL, make a greater contribution 
to the measured average CBL levels than the more 
affected seedlings. Thus, the CBL mRNA and activ- 
ity levels in the most severely affected seedlings were 
probably less than the reported levels. 

Although cider seedlings also showed reductions 
in CBL mRNA and activity levels, mere was less 
correlation between these reductions and plant pheno- 
rypes than was observed for the younger plants. For 
those lines with affected Ft progeny, the healthiest 
affected seedlings on each plate were transplanted to 
soil, so that their mRNA and activity levels at die time 
of transplant might be expected to have been higher 
than those measured for the seedlings on plates in Ta- 
ble 2. After transfer of seedlings to soil, CBL mRNA 
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FisvrB J. Distribution Of lueifetase activity level* for the pPHlOS 
(pAdF2) and pPH108 (pAdf4) Ti lines, Luciferase activity levels 
are shown as a percentage of the mean observed for IS pPHlOS 
planes. The levels measured in these 19 pPMlOS pUius had a 
mean of 182000 RLU and ranged from 80*525 to 449102 RLU. 
Both constructs can reduce luciferase levefc as low as i% of ihe 
pPHlOS mean level. The pPHlOS, pPH108 (pAdf2), tttd pPHI08 
(pAdF4) planu arc a mixture of hrmiiygotcs and homozygotes fbr 
the pPH108 Lucifcrase>cxpTC8*ing iransgcnc. LuriferOS* activity 
measured in RLU. 



and activity levels may have changed due to other fac- 
tors. We isolated RNA and protein from single plants 
grown in soil for 17 days after transplantation from 
places. Phenotypes of representative planis are shown 
in Figure 3. Both TaqMan and RNA gel blot exper- 
iments showed that CBL mRNA levels are reduced 
(Table 3). Tbe mRNA levels were not consistent with 
phenotype in every case (Figure 3). In particular, l- 
3, 2-10, and 2-11 plants with wild-type phenotypes 
have lower CBL mRNA levels than 3-1 5 with a strong 
phenotype. Similar CBL mRNA levels were found by 
RNA gel blot when the mRNA levels of the 0-lubulin, 
7T/B7, gene were used for normalization rather than 
those of ACT2 (data not shown). Similar to the mRNA 
results, CBL activity levels were reduced to as little as 
15% of wild-type levels, but did not always correlate 
well with phenotype (Table 3 and Figure 3). Although 
the plants with strong phenotypes, sucb as 3-15 and 
3-18, had 15 to 20% of wild-type CBL activity, plants 
with weak or very weak phenotypes, such as 2-20 and 
2-23, also had similar activity levels. Some of the dif- 
ferences between mRNA and activity levels measured 
in Table 3 for a single line may be (he result of ana- 
lyzing one Fi plant for mRNA level and a second Fi 
plant for enzyme activity. 



Luciferase activity in transgenic dsRNA Arabidopsis 

In experiments parallel to those for CBL, we tested 
the effect of introducing constructs producing both 
the sense and antisense orientations of the luciferase 
gene in a single RNA transcript on a second highly 
expressed transgenic luciferase construct. Constructs 
pAdF2 and pAdF4 produce a dsRNA luciferase tran- 
script under the control of the ACT2 promoter (An 
et ai, 1996). pAdF4 has only 6 bp between the sense 
and antisense fragments, while pAdF2 contains the 
bar gene in between the two fragments (Figure 1). 
These constructs were introduced into Arabidopsis 
line pPH108, which expresses a high level of lu- 
ciferase, to produce 20 pPH108 (pAdF2) and 31 
pPH108 (pAdF4) double-transgenic independent Tj 
seedlings. Figure 5 shows that a large proportion of 
these Ti plants had a significant reduction in their 
luciferase activity. We measured the luciferase activ- 
ity from leaf punches in all the T| double-transgenic 
seedlings, 15 independent pPHl08 seedlings without 
an additional construct, and 32 Ti Col-0 seedlings 
transformed with cither pAdF2 or pAdF4. We ob- 
served a range of hicifcrasc levels from 86523 to 
449 102 RLU for the 15 pPH108 seedlings (data not 
shown). Because the pPHlOS plants used to initiate 
these experiments were not homozygous, it seems 
likely that there are variations in the luciferase levels 
due to copy number differences of the luciferase trans- 
gene between homozygotes and hemizygotes. The 
average luciferase level in me 15 pPHl08 seedlings 
was used for comparison with the levels measured in 
the double transgenic lines. The luciferase levels for 
16 transgenic Col-0 (pAdF2) and 16 Col-0 (pAdF4) 
lines did not exceed 0.2% ofmepPH 108 averagc(data 
not shown). Figure 5 shows that 80% of the pPH108 
(pAdF2) Ti seedlings had less than 5% of the aver- 
age level of luciferase activity seen in the pPH108 
line. Similarly, 52% of thepPH108 (pAdF4)Tj plants 
retained less than 5% of the pPH108 luciferase activ- 
ity. This strong silencing of the luciferase gene was 
found to be similar in the T2 generation of 10 of 10 
P PH108 (pAdF2)and 15 of 15 pPHl08 (pAdF4) lines 
examined (data not shown). 

Luciferase mRNA levels in transgenic dsRNA 
Arabidopsis 

RNA gel blot analysis of plants transformed with the 
dsRNA constructs showed a majority of Jines with 
very reduced luciferase mRNA levels and high dsRNA 
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Flgjurs 0\ RNa gel blot analyst of pPHl08 plants transforracd with dsRNA constructs pAdF2 and pAdF4. TbtaJ RNA (4 /xg per lane) was 
loaded and transferred to GerteScfleen. EthidilW bromide staining or the agarose gels prior to Wonlng was done to confirm integrity of the RNA 
and loading of similar amounts of RNA (dotn not shown). A. pAdf4. The leftmost lone contains RNA from transgenic Col-0 pAoT4 and tho 
second and rightmost lanes contain RNA from pPHlOB. B and C. pAdf 2, The lefhnost lane contains RNA from transgenic Co)-0 pAdF2 and 
the Eccond lane contains RNA from pPHlOS. Numbers above the other lanes indicate the line number. RNA in the other lanes was loaded hi 
order of decreasing lucrferase activity from left to right Numbers below the other lanes bdicaxe the measured luciferase activity (values shown 
arc derived irom actual values divided by 1000). In A and B, the probe consisted of the 3'-cnd portion of the lucrferase gene present in both 
dsRNA constructs. In C, the probe contained the 5' end of tho hici&raao gene, which was not included in the da RNA oanstructs. Arrows mdicuLo 
the hiciferasc and da RNA transcripts. Transcripts produced by pAdF2 and pAdF4 arc labeled as dsRNA, although their double-stranded nature 
bos not been shown. 
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7oW<r J. Quaodoilon of CBL nvRNA levels and enzyme levels in Fj progeny 
nniphnted IO loll. 



Line* 


Phenotypc 


mRNA (T^Mm^, 


mRNA (RNA gel 


Activity*, 






WofCoMF 


bJot^HofCoH) 15 


%0fCol-O* 


1-3 


wild type 


30 


29 


32 


M 


wild Type 


73 


66 


ND 


1-6 


wild type 


46 


41 


ND 


1-9 


wild Type 


81 


64 


ND 


1-20 


wild type 


33 


28 


ND 


2-10 


wild Type 


26 


20 


84 


2*H 


wild type 


27 


11 


ND 


2-12 


wild type 


58 


39 


ND 


2-20 


weak 


15 


6 


19 


2-23 


very weak 


14 


9 


IS 


3-15 


strong 


35 


39 


15 


3-18 


Strong 


19 


ND 


20 


3-21 


weak 


25 


16 


41 



Lines: 1, amis ens c, 2. sense; 3. dsRNA. 

Phenotypc: 'very weak', *wcnk\ and 'strong' are described in Resells, 'Moderam' 
lines ranged between 'weak' and *5trong' , 

n For b given line, RNA was isolated tram u singrle plant and prOiera isolared from a 

second plant after growing tor 15 days on plates and 17 days in soil. 

b mRNA TaqMan values were normalized with rRNA levels. For CBL, values were 

measured for 3 replicates at 3 RNA concenmnion (9 replicates). For rRNA, values 

were pleasured for 3 replicates at 2 RNA concentrations (6 replicates). 

C R>TA gel bint mRNA levels were measured from PhosphorlroagcT 445 SI (Molecular 

Dynamics, Sunnyvale, CA) images and quanii tared with Lab Gel software (Signal 

Analytic*, Vienna, VAX CBL northern values were cormalizcd with ACT2 mRNA 

levels. Values listed are the average of 4 blots. 

d CBL activity levels arc the average or two experiments. 

'CBL mRNA and acdviry levels are reported as a percent of that for Col-0 plants grown 
at ihc same dmc. 
ND, not c 



transcript levels. Total RNA isolated from the doublc- 
transgertic lines, Columbia lines with either dsRNA 
construct, and pPHL08 seedlings was analyzed by 
RNA gel blot using a probe consisting of the portion 
of the luciferase gene present in pAdF2 and pAdF4. 
As shown in Figures 6A and 6B, the dsRNA tran- 
script is detectable in 17 of 1 9 pPHIO* (pAdF2) 
and 24 of 25 of pPHlOS (pAdP4) donble-transgenic 
lines. Plants without detectable dsRNA transcripts also 
showed the highest level of luciferase activity. Fig- 
ure 6B reveals an inverse correlation between the level 
of dsRNA transcript and the level of the reporter lu- 
ciferase mRNA, The latter also correlates with the 
level of luciferase activity. This relationship is less 
clear in Figure 6A in which several lines (26, 29 r 
30, 20, 22 and 10) depart from these trends. Because 
the probe used in the blots shown in Figures 6A and 
6B hybridized to both the hicifcrase and the dsRNA 
transcripts, it was difficult to assess accurately the 



luciferase mRNA levels. When the blot shown in 
Figure 6B was stripped and re-hybridized with a lu- 
ciferase probe homologous to a 5' region of the gene 
not present in the dsRNA constructs, clear reductions 
in the levels of luciferase mRNA were observed (Fig- 
ure 6C). Ti plants with low levels of luciferase activity 
(less than 10% of the pPH108 control) had the lowest 
levels of luciferase mRNA (Figures 6B and 6C). It is 
noteworthy that the mobility of both the RNAs labeled 
'dsRNA' in Figures 6A and 6B corresponds to the size 
expected. This result suggests that in the most abun- 
dant RNA species detected the bar gene spacer is not 
processed from the dsRNA transcripts and that tran- 
scription proceeds efficiently through the constructs. 
In addition, there does not appear to be any variation 
in the size of these dsRNA transcripts among the dif- 
ferent lines, indicating that these constructs seem to be 
stably maintained. 
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Testing for inactlvation of the bar gene &i transgenic 
Arabidopsis a dsRNA luciferase construct 

Is any sequence in a dsRNA transcript able to induce 
silencing of its homologues or is this silencing limited 
to those sequences present in bom sense and anti- 
sense copies? We were able to address this question 
with the pAdF2 construct, which displayed effec- 
tive silencing of a second luciferase transgene and 
contains a bar gene between sense and antisense lu- 
ciferase fragments. To determine whether this bar 
gene could inactivate a second, unlinked bar trans- 
gene, we designed an experiment in which p?Hl08 
(pAdF2) plants were crossed with plants containing 
an active bar transgene. lb obtain a suitable parent 
for the cross, we first grew seeds far all 20 pPH108 
CpAdF2) lines on plates containing Basta to determine 
whether the bar gene was functional in these plants. 
All the seedlings showed Basta sensitivity, indicating 
that the bar transgene is not functional despite expres- 
sion of RNA containing the bar open reading frame 
(Figure 6B). Second, we grew hygromyem-resistant 
T2 plants for line 9 pAdF2 (pPH108), which had 
strong inactlvation of the hieiferase gene (Figure 6B). 
Two selected plants were homozygous for ihe dsRNA 
luciferase construct and hemizygous for the origi- 
nal luciferase transgene based on their segregation 
of hygromycin and kanamycin-rcsistant progeny, re- 
spectively (data not shown). These two pAdF2 plants 
were crossed with fiasta-resistant T3 plants from lines 
17039 and 17183, which were homozygous for the 
bar gene-containing CSA1 04 T-DNA (D. Patton, per- 
sonal communication). Both CSA104 lines contain a 
single genetic locus encoding Basta resistance. Ta- 
ble 4 shows that in the Fi progeny of three different 
crosses, no Basta-sensitive progeny were observed; 
thus, there was no indication of inactlvation of the 
CSA104 active bar transgene by the pAdF2 inactive 
bar gene. By PCR, we verified that the bar gene 
from pAdF2 was present in these Fi progeny (data not 
shown). Luciferase levels in these Fi plants were at 
either background levels or low levels equivalent to 
line 9 (Table 4). The former indicates the luciferase- 
containing that pPH108 construct was not present in 
the plant and the latter indicates that pPH108 was 
present, but that the luciferase gene was silenced by 
the p AdF2 construct Cororol experiments showed that 
crossing either pAdF2 or CSA104 plants to CoH) 
wild-type plants did not alter the detectable bar gene 
activity in Fi progeny (data not shown). 
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Discussion 



In this paper, we demonstrate that transgenic dsRNA 
constructs expressing gene fragments in both the sense 
and antisense orientation are more consistent and ef- 
fective in gene silencing than those expressing only 
one of the two (Table 1). Previously, it has been shown 
that expression of antisense and sense RNAs for a vi- 
ral or marker gene is effective for gene silencing in 
plants (Waierhouse et aL, 1998). Our work extends 
these findings on the dsRNA method in plants in three 
ways. First, we show inactivation of CBL, an endoge- 
nous plant gene. Inactivation of an endogenous gene 
is often more difficult to achieve than inactivation of 
a non-endogenous gene, in part because alterations in 
the expression of metabolic pathway genes, such as 
CBL, are often subject to compensatory mechanisms 
in the plant (see below). In addition, inactivation of 
endogenous genes is a valuable tool for determining 
gene function. Second,' we demonstrate that gene si- 
lencing occurs in the presence of a spacer sequence 
between the sense and antisense gene fragments (Fig- 
ure 5), In fact, it appears that the pAdF2 construct 
with the larger spacer may silence hieiferase better 
than the pAdF4 construct with a very short spacer 
(Figure 5). This finding Suggests that constructs ex- 
pressing more complex, nested sets of gene sequences 
in a single transcript might be used to examine si- 
lencing, for example, sense and antisense copies of 
more than one gene. Finally, we have examined the 
reduction of mRNA levels in multiple lines for each 
construct to show that mRNA levels are reduced in 
dsRNA-expressing plants to levels of about 10% in 
the case of CBL, but not below the level of detection 
for cither CBL or luciferase. This observation shows 
some parallels with what has been found in C. etegans 
injected with dsRMA In which some nuclear mRNA 
remains, though cytoplasmic mRNA is not detected 
(Montgomery et aL, 1998). 

Previous studies have raised the issue of whether 
gene silencing in plants with gene sequences present 
as inverted repeats acts through ectopic DNA pair- 
ing or a RNA mechanism (Bender and Fink, 1995; 
Baulcombe and English, 1996; Metre et aL 1999; 
KooteT et aL, 1°99). Recent studies of Petunia chal- 
cone synthase antisense transgenic lines suggest that 
lines with two T-DNAs arranged as inverted repeats 
may cause silencing by producing dsKNA transcripts 
(Stam et aL, 2000). Our results with the dsRNA 
CBL construct strongly suggest that gene silencing oc- 
curred through the action of a RNA containing both 
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Tabic * Bastn resistance end luciferasc phcnarypcs for pAdFZ f | 
progeny. 



pAdF2 pan 


art Bar* parent* 


for 8 Fi f 
total f | b 


Luciferasa 'silenced 7 
Wl>I c 


9A 


17 183-3 A 


(V22 


6/22 d 


9B 


1 704*4 C 


0/20 


13/20° 


9A 


17183-3B 


0/29 


ND 



Fi progeny from pA4F2/pAdF2 pPHIOSA T 2 plmrte crossed wiLh 
Bor^/Bar* 73 plants were gfown on germination medium con- 
taining 10 f^sfm) Basla. 

B Planlii contain CSA 1 04 with an active &Xr gene (sec Results). 
b Bar s plants would indicate mactfvBlion of the gene by 
DAdF2. 

c LucrfcrBsc 'silenced* seedlings have low, non-background levels 

(>300 RLU)of hidfemse. Plants ^ilh background levels (<300 

RXU) are likely to lack the pPHlOS construct 

d Lucifenise assays were done on whole 2-week old seedlings. 

e Lucitcrasc essays were done On single leaves from 4-week old 

plants. 

ND, not done. 



the antisense and sense CBL fragments and not ec- 
topic DNA pairing- By using a transactivation system 
(Guyer et a/., 1995), we have generated Ti plants 
that should have inverted repeats, but no transcrip- 
tion of the CBL transgenic construct. Those T< plants 
are indistinguishable from wild-type plants (data not 
shown). By crossing those Ti plants with GAL4/C1- 
cxprcssing plants, we generated plants thai contain 
both the dsRNA construct and GAL4/C1 and exhibit 
a visible phenotype (Figure 3). Thus, the phenotypic 
effects that we observe are dependent on the transcrip- 
tion of the dsRNA transgene and are most probably 
due to the action of a dsRNA or its derivatives. 

Although a construct with a gene sequence present 
in both antisense and sense orientations in a dsRNA 
transcript inactivates a second copy of the gene at 
high efficiency, the bar gene that we placed in the 
spacer region between the sense and anti sense lu- 
ciferasc gene fragments behaved differently. When 
pPH108 (pAdF2) transgenic plants, which contain a 
non-functional bar gene, were crossed to plants con- 
taining a functional bar gene, the pAdF2 bar gene 
did not induce any detectable silencing of the sec- 
ond bar gene in the F] progeny (Table 4). Because 
either sense or anti sense transcripts have been shown 
in many cases to silence genes (reviewed in Brucning, 
1998), this result may indicate that there is a reduction 
in the efficiency of gene silencing by the bar gene in 
a dsRNA transcript, rather than a complete absence of 
silencing. Another possibility is that the formation of 
a hairpin structure promotes the silencing of the gene 



with two copies, but reduces the silencing potential 
of the gene in the loop region. While this result was 
obtained with only one construct, we would like to 
consider its implications in the light of existing models 
for RNA-triggered gene silencing (Fire, 1999)- In one 
class of model, a RNA- dependent RNA polymerase 
produces cRNA that hybridizes to target rnRNA and 
leads to the degradation of the target rnRNA by a ri- 
bonuclease (Jorgensen et al t 1998; Waterhouse et al 9 
1998). In this case, the cRNA molecules may not be 
transcribed as efficiently through the single-stranded 
portion of the transcript. Alternatively, the cRNA tran- 
scripts might be as short as 25 nucleotides (Hamilton 
and Baukombe, 1999), and may be initiated exclu- 
sively in the double-stranded regions. In a second 
class of model, there is a o^RNA-degrading protein 
complex, but it docs not involve any copying of the 
dsRNA. Recent results with a Drosophila cell-free 
system show that sequence- specific rnRNA degra- 
dation can be triggered by the addition of dsRNA, 
which is cleaved efficiently to 21 to 23 nucleotide 
fragments that may be the active agents in initiat- 
ing mRNA degradation (Tuschl et at. s 1999; Zamore 
et aL, 2000). Replacement of the dsRNA with single- 
stranded RNAs (ssRNAs) in this system does not lead 
to efficient rnRNA degradation (Tuschl et aL 7 1999). 
Such a model would suggest that silencing is not 
triggered efficiently in our experiment with the single- 
stranded portion of the transcript because no active 
agents arc generated. It is possible that the ssRNA 
bar portion of the transcript is not cleaved efficiently 
mto the active small RNA fragments or that these 
RNA fragments are not stable. Alternatively, dsRNA- 
specific proteins may not be attached properly to the 
single-stranded bar RNA fragments preventing them 
from triggering mRNA inactivation. Further exper- 
iments will be necessary to determine under what 
circumstance, if any, sequences m a spacer region 
adjacent to an inverted repeat can be silenced. 

We demonstrate that a construct expressing a sense 
and an antisense copy of a gene appears to be stably 
transmitted in Arabidopsis* Such a property is im- 
portant if this type of method is to be used for the 
development of transgenic crops. For the luciferasc 
constructs, we showed that both the Ti and T2 plants 
exhibited reduced levels of lucifcrase. In addition, the 
Fi progeny of Ti plants were shown to contain the 
bar gene from the pAdF2 construct by PCR (data not 
shown) and exhibited reduced tuciferase levels (Ta- 
ble 4). For the CBL construct, we showed that an 
intact dsRNA construct was detected by PCR in the T) 
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generation and was more active in the Fj progeny of 
these Ti plants compared to plants with only an anti- 
sense or sense construct. Moreover, dsRNA-mediated 
silencing of lueiferase activity was eliminated in the 
T2 progeny that did not inherit the pAdF2 construct 
(data not shown). Thus, silencing does not stem to 
be inherited from parents with dsRNA silencing if die 
progeny do not contain the dsRNA construct. 

Methionine biosynthesis 

We demonstrate in mis study that the CBL gene is 
essentia] for growth of Arabidopsis. In addition, we 
show that this essentiality is due to its role in methio- 
nine biosynthesis because plants with reduced CBL 
levels can be rescued by supplying exogenous me- 
thionine. Although there is a report of CBL activity 
loss in a Nicotiana plumb aginifoli mutant (Negruriu 
et at., 1985), the underlying defect was not shown 
to be in the gene encoding this en2yme. In addition, 
L-aminodhoxyvinylglycine (AVG) has been reported 
to be an inhibitor of CBL with herbicidal activity in 
Lemna and this activity is partially reversed by exoge- 
nous methionine (Darko and Mudd, 1982). While this 
suggested that CBL is essential for Lemna, AVG has 
been reported to inhibit other enzymes as well (Ra- 
vancl et al., 1 998), so that the lethality associated with 
AVG treatment may be caused by inhibition of other 
essential enzymes in the plant. We also show lh£Lt Ara- 
bidopsis plants with CBL activity levels reduced to 
about 10% do not grow normally, but remain viable. 
This result is comparable to that found for CGS, the 
enzyme immediately prior to CBL. Chemical inhibi- 
tion of CGS by propargylglycine (PAG) showed that 
Lemna plants grew normally with CGS activity at or 
above 16% of control activity and were inviable with 
CGS activity below 10% (Thompson et a!., 1982). 

Our observation that CBL enzyme activity levels 
do not always correlate with the strength of the pheno- 
type of the transgenic plants suggests that there could 
be other mechanisms acting to maintain the health of 
the plant during methionine starvation. It is possible 
that an increase in the level or activity of other en- 
zymes involved in methionine biosynthesis could be 
compensating for lowered levels of CBL. Evidence 
for such compensation during methionine starvation 
has been demonstrated for Lemna plants able to tol- 
erate increased levels of PAG. an inhibitor of CGS, 
after growth in sub-lethal doses of PAG (Thompson 
et aL, 1982). In addition, Lemna plants treated with 
0.05 mM AVG showed a two-fold increase in COS 
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specific activity (Thompson et a/., 1981). Because ihe 
stability of CGS roRNA plays a key role in regulating 
methionine levels in Arabidopsis (Chiba et a!., 1999), 
it seems possible that plants with decreased levels of 
CBL may have increased levels of CGS mRKA. Fur- 
ther, Arabidopsis hemizygous for a CGS antisensc 
construct were reported to have a three-fold increase 
in CBL (Ravanel et aL, 1998). Regulation of genes 
outside of the methionine biosynthetic pathway in re- 
sponse to methionine starvation or other changes in 
metabolite levels is another possible strategy plants 
may employ to compensate for the decreased levels 
of CBL. This possibility is supported by findings that 
chemical inhibition of the histidine biosynthetic path- 
way results in altered mRNA levels for genes involved 
(n the biosynthesis of other amino acids (Guyer ei a!., 
1995). Finally, CBL levels may increase over time 
as multiple compensatory mechanisms are induced. 
In plants with no visible phenotypc, but low levels 
of CBL (Tables 2 and 3), there may be two factors 
responsible. First, there may not be any starvation 
for methionine initially and the plant may be able 
to build up sufficient methionine to prevent any vis- 
ible phenotype in older plants. Because older plants 
have more cell expansion and less cell division, they 
might have lower methionine requirements. Second, 
the absence of starvation for methionine may prevent 
the activation of any compensatory mechanisms to in- 
crease CBL levels. It remains unresolved why such 
compensation mechanisms might have varied among 
the plants analyzed in this study. 
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Note added in proof 

In the final stages of preparation of this manuscript, 
similar findings with constructs designed to produce 
double-stranded RNA were reported (Chuang and 
Meyer owiiz, 2000). 
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i vLs repeated with cumulus cells from adult 
(jj|l mice as nucleus donors to produce the 
ripct clonal generation, G2, and so on. Tabic 
i|surnniari2es the results obtained following 
rj|e reconstruction of 3,920 enucleated 
dfecytes. 

} Previously, about 2% of enucleated 
oocytes receiving a cumuJus cell nucleus 
j developed to live- born pups'. This value is 
{ comparable to the cloning efficiency for Gl 
[ill lines A (1.5%) and B (4J%). However, 
(tge success rate dropped in successive 
jcjjbned generations: line A did net produce 
»a$iG5 clone From 070 reconstructed oocytes; 
id line B, the only live-born C6 clone was 
icSnnibaiited by her foster mother, thereby 
,h|iTijn.iting the Jine. Mouse lines A and 6 
jt|erefbre represent totals of 9 and 26 clones 
Inpm their respective donors. Placental size 
!wks consistently in the range previously 
(imported for cloned mice 2 and did not 
liiScrcase in successive generations (data not 
js§own). 

I ? Do sequentially cloned mice show signs 
jo| accelerated ageing? We assessed the 
[behaviour of these mice and determined 
•telomere lengths to assess organismal and 
jc|Hiilar measures of ageing, respectively We 
'crjaluatcd learning abDity in the Morris 
|fc|icer maze and Krushinsky tests, as well as 
js(fcngtb. and agility, and also used other 



assays designed to monitor signs of prema- 
ture ageing, such as a decline in activity in 
the home cage and loss of coordination 4 . All 
cloned mice were, by these criteria, normal 
compared with age- matched controls (data 
not shown); the G5 mouse ts alive and 
healthy at 1 .5 years. 

We measured telomere lengtb in periph- 
eral blood lymphocytes of clones Gl -06 by 
Southern-blot analysis of terminal restric- 
ricui -enzyme- digested fragments (Fig. 1) 
and found no evidence of shortened telom- 
eres in the cloned mice. In fact, our results 
show that the telomeres lengthen with each 
generation. As representative animals of 
each generation were sampled simultane- 
ously, wo cannot rule out an age-related 
conuibution to this increase (with younger 
mice having longer telomeres). In addition, 
long telomeres in mice are optimally studied 
by means of different assays such as quanti- 
tative fluorescence in situ hybridizaripn s . We 
have detected tcJorn erase activity in cumulus 
cclU (data not shown); it is therefore possi- 
ble that telomeres in these cells are unusual- 
ly long, resulting in offspring with 
concomitantly longer telomeres. 

Shortened"' and lengthened 7 telomeres 
have been reported in cloned livestock but, 
unlike ours, those experiments involved 
only n single round of cloning. Our results 
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brief communications 

on sequentially cloned mice verify that 
telomere shortening Js not a necessary out- 
come of the cloning process 11 - However, as 
only 1-2% of reconstructed oocytes yield 
live-born clones, the possibility of selection 
for donor nuclei with the longest telomeres 
cannot be excluded. Further investigation U 
required into the consequences of nuclear 
transfer on telomere length and lifespan. 
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Total silencing by intron- 
spliced hairpin RNAs 

Post- transcriptional gene silencing 
(PTGS)» □ scqucncc-spedrlc RNA 
degradation mechanism inherent hi 
many life-forms, can be induced in plants 
by transforming them with cither antisense 1 
Or co-Suppression' constructs, but typically 
this resuhs in only a small proportion of 
silenced individuals. Here we show that 
gene constructs encoding ixrtron-sph'ccd 
RNA with a hairpin structure can induce 
PTGS with almost 100% efficiency when 
* *- rjdogenuus 
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grief communications 

aes. These constructs could prove valu- 
jlc in reverse genetics, genomics! cnginccr- 
l*h of metabolic pathways ond protection 
ja jjpimt pathogens, 
j Induction Ot PTGS by co-suppression 
Sd antisense methods that target the Nia- 
b;ptease (Pro) gene sequence of* potato 
H rus Y (PVY)' cause sflencing in 7% and 
w u of independent transfbrroanis, respec- 
jtr jcly; induction of PTGS in these tobacco 
jdinuj [Nicotian* tobacum) manifests as 
Immunity to the virus. 
! I Using principles we developed for 
poncing constructs that express doublc- 
Btfanded RNA and inverted-repeat RNAs 3 , 
made a construct encoding a single self- 
" npiemencary hairpin RNA (hpRNA) of 
Pro sequence. 1 rtc construct contains 
r and antiseose Pro sequences flanking 
a4 SGO-nudcotidc spacer fragment derived 
fe|m the uidaA (GUS) gene (Pig. 3a). 
Mout 60% (25/43) oF the plants Lhat are 
transformed with this construct, many of 
Waich contained a single transgene copy; 
wire immune to the virus. The spacer 
Crigmcnt contributed to the stability of Lhe 
pA-fecr inverted-repeat sequences, but ir 
w|s not required for the specificity of the 
P?GS(FiG. la). 

( i To test the effect of removing the loop 
region of hpRNA, we replaced the spacer 
wJUi an intron sequence (Fig. 3a, b). The 
intron sequence provides rtapitity to the 
D^JA, but is spliced out during pre-mRNA 
pressing 5 to produce loopless hpRNA. As 
a fcontrol, we made a sister construct in 
yyiich the introo sequence was inserted in 
th| reverse, non-splicing, orientation. 
Vvjien transformed into tobacco, 22 of 34 
(o^%) reverse-in tron plants were immune, 
a similar frequency to plants transformed 
w|h the GUS spacer construct. Amazingly, 
w« found that 22 of 23 plants transformed 
W#h the construct containing the function- 
al 31 nrron were immune to the virus. * 

| To teat whether this enhancement by the 
segtse- intron construct was a general phc- 
ntirienon, we made two hpRNA constructs 
winst the endogenous Al2-desatur?sc 
\r$d2) gene of Arabuiopsis, which catalyses 
th| conversion of oleic to linokic acid in the 
se|d 0k7 ; one construct contained an intron 
anjl the other a non-intron spacer region. 
M found that 69% (44/63) of the trans- 
|iic plants with the non-intron spacei* 
lion construct showed PTGS of the A12- 
Jaturasc gene bur that 100% (30/30) of 
its transformed with the intron con- 
i showed silencing of this gene. 
J How does the presence of this intron 
nee sflencing emciency? The process of 
on excision from the construct by the 
J ceo some might help to align the corn- 
el ftrncntary arms of the hairpin in an cn- 
vufenment favouring RNA hybridization. 
$r|motrag the formation of a duplex. Alter- 
nately, splicing may transiently increase 
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the amount of hairpin UNA by facilitating, 
or retarding, the hairpin's passage from 
the nucleus, or by creating a smalLer, less 
nudease-sensiuve loop. 

Our PVY constructs con rained intron-2 
from the Pdkgsne of Flaveriif, whereas me 
Al2-desaturase construa contained intron - 
1 from the Arabidopsis Fa&> gene (Fig. lb). 
PVY constructs were controlled by the con- 
stitutive CaMV35S (ref. 9) promoter and 
produced hpRNA containing the PVY cod- 
ing-region sequence (700 nucleocides); the 
desaturase ^ene construct used the seed- 
specific napin promoter'" to produce 
hpllNA represendug 120 nucleotides of the 
S'-untranslntcd region of the Al2-desat- 
arose gene. 

We believe that constructs encoding 
intmn-hpRt\A should efficiendy induce 
PTGS for a wide range of genes in a variety 
of circumstances and could become as use- 
ful to plant biology as KNAi l,,,; is to the 
study of nematodes and Droiophiln. The 
transgene design might also have applica- 



tion in organisms in which RNAi has been 
obtained by injection of double-stranded 
RNA. 
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